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The exact dispersion relations of the transverse magnetic surface plasmons (SPs) supported by a graphene parallel plate waveguide (pPWG), surrounded on one or both sides by Kerr-type nonlinear media, are obtained analytically. It is shown that if self-focusing nonlinear materials are chosen as the surrounding media, the SPs localization length (IL) is decreased, while their propagation length (PL) remains unchanged, as compared to those of a typical graphene PPWG. Moreover, PL and LL of the SPs are considerably affected by adjusting nonlinear parts of the dielectric permittivities of the nonlinear media. It is found that using an appropriate defocusing nonlinear material as a substrate of the graphene PPWG, which is surrounded on one side by the nonlinear medium, leads to noticeable enhancement of the propagation and localization characteristics of the surface plasmons. The results presented here can be useful for enhancing capabilities of plasmonic devices based on the graphene PPWG for sensing and waveguide applications. © 2014 AlP Publishing UC. [http://dx.doi.org!1O.l063/1.4865435]
I-INTRODUCTION
Graphene,' -6 planar atomic layer of carbon atoms arranged in a honeycomb lattice, has recently attracted a great deal of attention due to its potential applications in optoelectrouics and plasmonics.'-'2 Being tunable [through the tuning of the optical conductivity (O"g)] by either electrostatic/magnetostatic gating or chemical doping ' · 2 is the unique characteristic of the electronic and optical properties of its doped version. When Im(O"g) < 0, weakly guided transverse electric ('IE) surface plasmons (SPs) might propagate along a monolayer graphene.1>-16 Moreover, when Im(O"g) > 0, a monolayer graphene effectively behaves as a very thin metal layer capable of supporting only transverse magnetic (fM) SPS.13-15.17-22 (The SPs are bound electromagnetic modes propagating at the interface between a dielectric and a conductor, evanescently confined in the perpendicular direction 23 -25 ) . The graphene SPs are believed to be a conveniently tunable means for strong light-matter interaction in the IR and teraltertz range. 9 . 16 Therefore, like previous studies have been done on SPs supported at metalKerr medium interfaces,26-35 the nonlinear contribution from substrate to the properties of monolayer graphene SPs has also been studied recently. 36 It should be noted that, for metal-Kerr medium interfaces with 1M electromagnetic waves being supported, the corresponding nonlinear Maxwell equations involve two components of the electric field. By employing some approxintations,26-28 using semianalytic/analytic approaches 2 !>-32.34 or numerical methods,33-35 the problem has been solved. makes the nonlinear contribution from the substrate a considerable factor; i.e., the nonlinear substrate enhances the confinement [decreases the localization length (LL)] of the SPs without intpairing their propagation length (PL).
Graphene parallel plate waveguide (PPWG),17 in which the separation distance (D) of the graphene sheets is sufficiently large (2': 6 nm),'9 is also capable of supporting SPs with considerable larger PL, as compared with those of the monolayer graphene. 17 . 1 !>-22 In addition to having sensing and waveguide applications, this structure can be a remarkable candidate to design/fabricate miniaturized optical nonlinear couplers 38 and modulators. 39 . 4O The nonlinear contribution from the substrate and cladding to propagation and localization characteristics of the graphene PPWG SPs has not been considered in the previous studies. Since sintply using a Kerr-type dielectric permittivity in the typical dispersion relations of the SPs is not justified, in this paper, following Refs. 30--32, we obtain exact dispersion relations for 1M SPs of the graphene PPWG, which is bounded either asymmetrically (on one [ Fig. l (It should be noted that the obtained exact dispersion relations can be solved even without detailed knowledge of the field distribution in the nonlinear media). Besides, effect of the nonlinear contributions on the SPs characteristics is also investigated. To the best of our knowledge, the results extracted in this paper have not been previously reported. have already been fulfilled. Moreover, in this paper, the optical conductivity of the graphene plates, for frequencies w» (,wy,.-I) starting from the Maxwell's equations for TM waves, the fJ is the SP wave number. Besides, ej (j = 1.2,3) is the dielechic permittivity of the layers and it is, for the isotropic nonlinearity considered here, assumed to be of the Kerr-type (Le., ' 1 ~'i' ~~+'1IEI2 G~3 [for the "structure aA"I, j~I,3
II. MATH AND EQUATIONS
[for the "st:ructure bA',]), and j = 1 [for the "structure cS"D, where elj is the nonlinear coefficient. First, we consider the asymmetric graphene PPWG st:ructure ["structure aA''] for which only the substrate is a nonlinear medium (Elf = 4 + el31E12) and the cladding is a linear one (el = ai). Considering Ex(z) for the linear regions ..
Note that the boundary conditions for TM polarization at z = D/2 [Ref, (3b)
Here, n = w + i.-I, e is the charge of an electron, "t is the electron relaxation time, k is the wave vector, ky is the Fermi velocity of electrons in graphene, kB is the Boltzmann constant, and J' is the chemical potential determined by the electron concentration, which can be controlled by gating. Applying the boundary conditions at (4) and (5), denote the optical conductivity of graphene sheets placed at z = DI2 and z = -D12, respectively, and could be tuned through their respective chemical potential J''f and J'~. Equation (6) yields simply
Using Eqs.
(1) and (7) and the first integral obtained in Eq. and (9), the exact dispersion relation for the SPs supported by the "structure aA," named as "aA SPs," is finally obtained
Letting IX, --> 0, Eq. (10) reduces to the well-known dispersion relation of TM SPs (named as "A SPs") of the typical asymmetric graphene PPWG I7 ,19-22 11+ 1 , 
Next, we consider the second asymmetric graphene PPWG structure in which both the substrate (~') and cladding (B' I' = .1 + IXIIEI2) are nonlinear media ["structure bA," shown in Fig. l(b) ]. In this case, the solution for Ex(z) in the linear region can be considered as
Ex(z) =A2exp(q2z) +B2exp(-q2Z), -D12:O; z:O; DI2 (12)
.
E~ -e'I1P EIJx
Et _ef2 D E~ WIth A2 = e fi2Dfi e3tn.6;i, B2 = e-ll2Dji e3'l2/tJ'i' boundary conditions at z = +D 12, we have
Applying the (13) where the last line follows from Eq. (I), Eo+,=E,(z=~+), , 
Using Eqs. (I) and (14) (15) and (16), we arHve at " 
Ex even (22)
It is worth noting that letting ai'down -> 0 in Eqs. (10) the linear graphene response in the form "u;"E" for the surface currents. This will be justified in our following numerical studies as long as the optical frequency is not too low (e.g.,/to be above ~1 THz) for a certain given field strength of the wave. For example, we have performed a comparative study of the nonlinear optical conductivity for graphene given in Ref. 38 with the nonlinear permittivity for the Kerr medium used in our present study in Sec. III assunting the later is largely non-dispersive within the frequency range of our study.30-32 For a given field strength of ~lo" Vim, we have found that the graphene nonlinear response is insignificant compared to that of the Kerr medium for frequencies above ~0.6THz.
III. RESULTS AND DISCUSSION
To investigate effect of the substrate and cladding nonli- (for "aA and bA s1ructures"'), J1.up = J1."~ = 0.2eV (for "cS S1ructure") are used for computing the optical conductivity of graphene. We also assume an electric field intensity of /P;D± /2 = 0.683 X 10 12 V2/m2 [Ref. 32] Phys.115, 083104 (2014) numerical results of this paper are presented in this range.
Besides, we also focus only on highly localized SPS, i.e., SPS with LL/D < 100. Consequently, the calculations are done in frequencies lower than the optical phonon loss threshold, /Oph '" 0.2eV [Ref. 18] , and the effects of absorption losses due to the optical phonons are neglected Moreover, it is worth noting that in investigating SPS in a lossy medium, the wave number is complex <p = {f + i{Y') and as a result qj = i + it/]. In the case of graphene and graphene PPWG, P" is small and consequently qj '" i. Therefore, the other point should be noticed here is that by applying the condition i > 0 in calculating the SPS, ouly the bound modes are considered. '9 Fig. 2 represents the normalized propagation and localization length of the SPs of the aA and bA [panels (a) and (b)] and cS s1ructures [panels (c) and (d)] with and without nonlinear contribution from the substrate and cladding. It is clear from panels (a) and (c) that the presence of the nonlinear substrate and cladding has no considerable effect on the propagation length of the SPs (actually there is almost no difference between the PL of SPs with and without nonlinear media). However, as clearly shown in panels (b) and (d), their nonlinear contribution noticeably improves the SPs localization of the upper branch. To obtain a concise insight into the mentioned decrease in the LL of the upper branch SPs, we focus on the SPs at a typical / = 6 THz frequency. At tltis frequency, the normalized localization length (propagation length) of A, aA, and bA Sps are 41.92 (0.4043), 39.53 (0.4043), and 27.36 (0.3995), respectively. Moreover, those of S and cS SPs are, respectively, 23.25 (0.3931) and 19.42 (0.3927). Therefore, for the considered s1ructures here, we can conclude that (i) the SPS of the symmetric s1ructure with and without the nonlinear contribution are noticeably more localized (insignificantly less propagating) than those of the asymmetric ones; (ti) for both symmetric and asymmetric s1ructures, the presence of self-focusing nonlinear The nonlinear part in the dielectric pennittivity of the sul>-strate and cladding media depends on both light intensity and the nonlinear coefficient. Therefore, considering the effect of changes in IXj/P;D/2 on the propagation and localization characteristics of the SPS is also an important issue. Fig. 3 shows the dependence of PL and LL of the aA, bA, and cS SPs on changes in the nonlinear part of the dielectric pennittivity, at / = 6 THz (the typical above-mentioned frequency). It is obvious from this figure that changes in IXj/P;D/2 significantly affects the SPS propagation and localization length. And, for specific values of IXjE'±D/2' SPS with considerable larger PLIA"
.. ' '" ., J. Appl. Phys. 115, 083104 (2014) contribution of the substrate and cladding with a negative nonlinear coefficient always increase the loca1izatioo of the SPS of the structures shown in Fig. I , the optimized SPs can only be supported by the "aA structure." Consequently, in contrast to a single layer grapheDe on a nonlinear substrate,36 by choosing an appropriate defocusing material as a substrate, for f > 4 1Hz, it is possible to eohance both propagation and localirntion of the teraherIz surface plasmoos of a graphene PPWG, which is asymmetric on one side boonded by nonlinear mOOia.
IV. CONCLUSION
In conclusion, we have obtained exact dispersion relations for the 'I'M surface plasmons of a graphene parallel plate waveguide, which is either asymmetrically (on one or both sides) or symmetrically bounded by Kerr-type nonlinear media. Following previous reports on 'I'M SPa of the similar metallic Structures,30-32 the exact dispersion relations have been obtained analytically without detailed knowledge of the field distributions in the nonlinear media. Moreover, the characteristics of highly propagating terahertz SPs supported by these structures are also investigated. It was shown that, similar to a single layer graphene on Kerr-type nonlinear substrate,36 if self-focusing nonlinear materials are chosen as the surrounding media of the graphene PPWG, the SPs localization length decreases, while their propagation length remains the same. However, when an appropriate defocusing material is chosen as a substrate in the asymmetric structure in which the cladding is a linear material, optimized SPa can be supported for frequencies larger than 41Hz (The optimized SPS have considerable larger PL and smaller LL than those of a typical graphene PPWG). These results can be useful for modeling high performance plasmonic devices based on graphene PPWG structures. Finally, in order to go beyond the limitation of the values for the field strength and frequency used in the present study, it will be worthwhile for a future effort to re-analyze this non1inear waveguide problem accounting for the nonlinear optical conductivity of graphene.
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